D4S187-D4S163-D4S139. 18 Recently, a cosmid clone has been identified (13E) which maps distal to this linkage group. A probe isolated from this cosmid (p l3 E -ll; D4F104S1) was shown to detect de novo DNA rearrangem ents in sporadic FSHD patients. 28 The underlying molecular defect in FSHD appeared to be a deletion of an integral number of tandem arrays of a 3.3-kb repeat se quence. 5 The tandem array contains a p p ro x i mately 12-96 repeat units, corresponding to RI restriction fragment sizes of about 50-320 kb. 25 Interestingly, most FSHD patients were found to have decreased numbers of repeat units. In some cases, only two or three copies were left*5 Sequence analysis of one unit of this repeat did not reveal any potential coding sequences, apart from a 405bp region with homeoboxlike sequences. 8 We used sequences from this 3.3-kb rep eat unit as probes to investigate N orthern blots, cDNA li braries, and to develop primers for reverse tra n scriptase PCR. However, at present we have failed to detect a strong candidate gene fo r FSH D . Hence, we have concluded that the FSHD gene S14 T h e aim of this study is to augment the existing m arker set aro u n d the FSHD locus with new cosmid and YAC clones. O f particular interest is the search for clones mapping distal to cosmid 13E, since no YAC or cosmid clones have been id en tified so far th at extend m ore telom erically. 24, 29, 32 We have used fluorescent in situ hy bridization (FISH), which is a powerful technique to rapidly localize cosmid or YAC clones.21 T hree ap p ro ach es w ere applied. First, clones w ere m apped with relatively low resolution to m eta phase chromosomes. Second, a more defined lo calization was obtained by mapping clones relative to two different translocation breakpoints in the FSHD gene region. T hird, the use of different col ors as fluorescent label makes it possible to per form hybridization of multiple clones to inter phase nuclei simultaneously.4,10,22 This allowed us to or der clones relative to each other.
MATERIALS AND METHODS
Cell Lines. Cell line GM11025 (Human Genetic Cell Repository, Camden, NJ) contains a translo cation t(X;4) (p21;q35),1 in which the chromosome 4 breakpoint corresponds with the locus D4S18712 ( Fig. 1 ). The cell line GM2346 (Human Genetic Cell Repository) carries a translocation t(4;16) (q35;q22.1).3 T he breakpoint of this cell line is dis tal to D4S139,28
Cosmids. A chromosome 4-specific cosmid li brary (Los Alamos Chromosome 4 Library) was gridded out on 96-well micrometer dishes and, in addition, plated out on filters (5000 colonies/plate). Cosmids were either randomly selected from the gridded library, or isolated by colony hybridization with specific probes for the loci D4S163 (LILA5),15 D4S139 (pH30),13 and D4F35S1 (CEB8).U A cos- All probes were first hybridized to a normal hum an karyotype metaphase, and assigned to ten regions of chromosome 4* In addition, the clones assigned to the 4q32-qter region were hybridized with respect to the translocation breakpoints of the cell lines GM11025 and GM2346. To establish the order of the probes that map in between the two breakpoints, interphase m apping was performed. Cosmid DNA was labeled either in the presence of biotin-11-dUTP, or dioxigenin-11-dUTP. For the detection of a biotinylated probe in one color (Texas Red) and the dioxigenated probe in a sec ond color (green; FITC), the procedure described by Dauwerse et al.4 was followed.
RESULTS
From a total of 250 of the 315 randomly selected cosmids (80%), from 26 YAC clones of the 34 (76%), a specific hybridization signal was observed, None of the YAC clones showed hybridization to another chromosome than chromosome 4. The ap proximate location of these 276 clones was estab lished by estimating its relative position between the centrom ere and the telomere. The short arm was divided into three sections, whereas the long arm was divided into seven sections. We did not use referen ce points or sim ultaneous R-and Q-banding of the metaphase spreads. Clones could easily be assigned to the distal part of the long arm or the short arm, and at both sides of the cen tromere. However, the mapping of clones in be tween these areas is less precise. The FISH map ping data are summarized in Table 1. T he m apped clones are more or less evenly dis tributed throughout chromosome 4. Every section receives approximately 10% of the clones, with the exception of the region on 4p closest to the cen trom ere (6.1%), and the most telomeric region of 4q (16.3% ). An estimate based on the appearance of prom etaphase chromosomes shows that 4p is about one third of the size of 4q. The results of this study agree with this estimate, since 72 clones (26%) map to 4p and 204 clones (74%) map to 4q.
To map clones with greater definition to 4q35, the region of o u r interest, the two different trans location breakpoints outlined in Figure 1 were used. T h e 55 cosmid clones and 5 YAC clones that were assigned to the most distal part of the chro mosome (4q32-q35) were hybridized relative to the breakpoint in cell line GM11025, which corre sponds to the locus D4S187. Only one of the cosmid clones, D4S1454, turned out to map distal to this breakpoint. T h e localization of this cosmid with respect to the existing loci distal to D4S187 
Cosmid DNA was labeled to give a green FITC fluorescence (G) or a Texas Red fluorescence (R), The cosmids that have been labeled with Texas Red are underlined.
(4cen . . . HSPC AL2-D4S163-D4S139-D4F3 5S1-D4F104S1 . . . 4qter)24.29> 31'32 was established us ing interphase m apping with combinations of dif ferent cosmids in two colors ( Table 2 ). These data indicate that D4S1454 maps between D4S187 and HSPCAL2.
DISCUSSION
We used FISH to sublocalize 250 cosmid clones and 26 YAC clones to chromosome 4. A random distribution of all the FISH mapped clones along chrom osom e 4 with a predicted length of 200 Mb14 implies that we have mapped one clone approxi mately every 700 kb. T he fact that only one cosmid was fo u n d to m ap distal to the breakpoint in GM 11025 could imply that there is not more than about 1-2 Mb of DNA distal to D4S187. However, the genetic distance between D4S187 and the FSHD gene is about 10 cM23,28 i.e., 5-10 times m ore than expected from the above calculation. Based on contig m apping using YACs, the region D4S187-D 4F 104S1/FSHD is estimated to be 2.4 Mb in length,24 which suggests a fourfold in creased genetic distance compared to the physical one. Such increased recombination frequencies are th o ught to be part of the general behavior of subtelomeric regions,2,20 and might explain the dis crepancy found between the genetic and physical distance at 4qter. Unfortunately, we did not succeed in the isola tion o f YAC or cosmid clones mapping distal to D4F104S1. The reasons for this phenoma could be that the region is very small and/or consists of unclonable DNA. Based on FISH experiments using interphase chromosomes, the 4q telomere is dem onstrated to be within 215 kb of the tandem array of 3.2-kb repeat units. 30 Since the 4q telomere seems to be in close proximity to the tandem re peats, it is not unlikely that the region distal to these repeats consists of telomere-associated re peats, which might be extremely difficult to clone. Yet we cannot exclude that the FSHD gene resides in this most distal part of chromosome 4q. How ever, due to the absence of telomeric material, the present gene search focuses on the proximal re gion betw een D4S139 and D4F104S1. We were able to isolate a new cosmid (D4S1454) that maps within the FSHD linkage group. Based on the YAC contigs in this region,2 this cosmids maps at least 1 Mb proxim al to D4F104S1.
T his study shows that FISH m apping can be a valuable complementary strategy for the detailed m apping of a limited chromosomal region. The o rd erin g of clones in interphase nuclei by using two different fluorephores dem onstrates the high resolving power of this approach. In comparison to several other techniques, FISH is very efficient, rapid, and easy. Within 2 days, 20-30 cosmid or YAC clones can be regionally localized. Therefore, these random ly distributed clones may provide a good starting resource for investigators interested in obtaining probes that span particular transloca tion or deletion breakpoints.
